We report our experimental study on chemical patterns in a spatial open reactor using the Belousov-Zhabotinsky (BZ) reaction. A phase diagram showing different regimes of spiral dynamics is presented. The focus of the study is on transitions to defect-mediated turbulence (spiral turbulence). Some new interesting phenomena are described, including a transition from one type of spiral turbulence to another type, and the reentry from spiral turbulence into ordered spiral waves. We also try to characterize different states of turbulence using the hierarchical structure theory (HST).
Introduction
During the past 30 years, spiral patterns are always considered as one of the most intriguing spatiotemporal structures in macroscopic systems driven far from thermodynamic equilibrium, and the study of spiral dynamics has attracted a great deal of attentions from researchers in different fields, such as nonlinear physics, mathematics, physical chemistry, biology, and cardiology. There are several reasons for these attractions. The first reason is that spiral patterns are ubiquitous in different systems, including reaction-diffusion media [1, 2] , aggregating slime mold cells [3] , cardiac muscle tissue [4, 5, 6] , and intracellular calcium release [7] . Secondly, as we have known, a spiral is self-organized by a topological defect, which constructs the spiral core and plays the role of dominator [1, 8] . So study of spiral behavior might give hints about the defect dynamics. One important aspect in this research field is studying transitions from ordered spiral patterns to defect-mediated turbulence. Several spiral instabilities leading to defect-mediated turbulence or spiral turbulence have been well studied in theory [9, 10, 11, 12] , and observed both in experiments [13, 14, 15, 16, 17] and numerical simulation [18, 19, 20] . Study of such instabilities is one of the most favorable routes to investigate spatiotemporal chaos, which is poorly understood at present. From application point of view, the result of this study has a promising application potential in cardiology, as transitions from spiral to spiral turbulence occur in heart tissue and play an essential role in cardiac arrhythmia and fibrillation [4, 6] .
Experimental investigations using the BZ reaction have provided plentiful information about spiral dynamics. For example, we know that a spiral can be supported in excitable or oscillatory media, both of which can be obtained in the BZ reaction [1, 8, 22] . Sections of phase diagrams using different control parameters have been sketched to identify different regimes of spiral dynamics [21, 22] . Transitions from regular spiral patterns to defectmediated turbulence have also been studied carefully with BZ reaction, and two important instabilities, the Doppler instability [16, 22] and the long wavelength instability [13, 17, 22] , have been found. The Doppler instability occurs in an excitable system, corresponding to regions where the control parameter ∆ ≡ [H 2 SO 4 ][N aBrO 3 ] is low. In such a parameter space, spiral patterns are trigger waves, which are governed by a dispersion relation that relates the speed to the period of traveling waves. There exists a minimum period below which the system cannot recover to its excitable state, and traveling waves cease to exist [23] . Usually, the period of regular spiral waves is larger than the minimum period, thus spiral waves are stable. However, when a Hopf bifurcation contributes to the spiral core and makes the spiral tip meandering, the trajectory of the spiral tip changes from a single circle to a flower. When the meandering speed is sufficiently large, due to the Doppler effect, two adjacent wave fronts near the core are so close that the local wavelength is beyond the critical value, causing an spontaneous generation of defects [16] .
If the control parameter ∆
3 ) catalyzed BZ reaction can be considered as an oscillatory system and the existing spiral is phase wave. Near the onset, the system's local variable (c), such as the concentration of ferroin, can be written as c = c 0 + A exp(i c t) + c.c., where c is the Hopf frequency. Suppose the system is near a supercritical Hopf bifurcation, the complex amplitude A obeys the complex Ginzburg-Laudau equation (CGLE):
where τ 0 and ξ 0 are, respectively, the characteristic time and the correlation length of the system, g 1 , g 2 , d 1 and d 2 are related to the diffusion coefficients and ensemble of reaction kinetics. After rescaling, using τ 0 and ξ 0 as time and space units, we have ). Stability analyses [24] show that, under certain conditions, the system will be unstable against long wavelength perturbations. After the instability occurs, sustained long-wavelength modulated spiral waves appear and keep stable in a finite space. When the control parameter is increased to across a threshold, spiral waves break and defects generate far away from the spiral center, as a result of two neighboring wave fronts being too close. At last, when the control parameter is further increased, absolute instability occurs and defect-mediated turbulence invades the whole space [13, 17] .
Despite fruitful results of previous researches, some problems have not been clarified and certain parameter space deep into turbulence regimes has not been explored. In this paper, after describing the experimental setup in the following section, we present our systematic studies of dynamical behaviors of spiral waves and spiral turbulence. A phase diagram with the feeding concentrations of sulfuric acid and malonic acid as control parameters is built, and the lines of onset for each transition are identified. Several new phenomena are described, including a transition between two types of spiral turbulence and the reentry of spirals from spiral turbulence. In section IV, we introduce a method, the hierarchical structure theory (HST) [25] , to characterize the states of spiral turbulence. We show that a phase transition between two types of spiral turbulence can be identified using this method. In the section V, we give some discussions on the new discovered phenomena.
Experimental Setup
Our experiments are conducted in a spatial open reactor using the ferroin (Fe(phen)
2+
3 ) catalyzed BZ reaction. The heart of our reactor is a thin porous glass disk (0.4mm thick and 20mm in diameter). The glass disk has 25% void space and 100Å average pore size, so that it can be considered as a homogeneous medium for a macroscopic pattern with a character length scale of a few hundred micrometers. The porous glass prevents convection when used as the reaction medium. Each side of the disk is contacted by a reservoir where the reactants are continuously refreshed by highly precise chemical pumps (Pharmacia P-500) and kept homogeneous by stirring. The chemicals are fed to both reservoirs separately so that we can keep one (A) in the reduced state of the reaction system, and the other (B) in the oxidized state. When the reactants diffuse into the porous glass and meet there, pattern-forming reactions take place and spatiotemoral patterns form. The chemical patterns are monitored in transmitted light (halogen light filtrated to wavelength less than 550 nm) with a charge coupled device (CCD) camera. The signal received by CCD camera is sent to a computer where images are digitized and saved for further quantitative analysis. Since there are multiple concentration gradients across the reaction medium, the observed pattern is quasi-three-dimensional, and an instability in the gradient direction may happen. In this study, we focus on spiral patterns which are stable in the gradient direction, so that patterns are entrained in this direction [27] . As a result, the observed patterns can be considered as quasi-two-dimensional at most of time. Under certain conditions, the three-dimensional effect does exist and might be the cause of some new phenomena. We will give discussions later.
The initial condition of the experiment is that there is only one spiral tip residing in the middle of reaction medium. This condition can be achieved by using a heliumneon laser (3 mW, λ = 633 nm) to generate and guide spiral tips. In a regime of stable spiral (see phase diagram of Fig. 1 ), after suitable reactant solutions are pumped into reservoirs, a train of traveling waves automatically appears from the boundary of the reaction medium. We use a beam of laser light to break a chemical wave front and create a couple of defects, which develop into a pair of counter-rotating spiral waves. Then we use laser light to lead one spiral tip to the edge of the reactor and delete it, and drive the other one to the center of the reaction medium. Once a spiral is ready, we study it by changing one reactant concentration stepwisely while fixing all other conditions. A record is taken after the pattern relaxes into its asymptotic state and no laser is applied for a sufficient amount of time (around an hour).
Experimental results
Some previous studies [28] [21, 22] . However, there still has certain parameter space that has not been reached. This work explores a part of the unexplored parameter space, especially pays attention to the phenomena occurring at high [H 2 SO 4 ]. Some new phenomena are found, including a transition between two types of spiral turbulence and the reentry of stable spirals from a state of spatiotemporal chaos. A as the control parameters. More than 200 points in the phase diagram are studied, eight different dynamics regimes are categorized. They are (1) simple spiral (S), where the system is either in an excitable or an oscillating medium, the period, wavelength, and speed of the spiral waves are constant, as shown in Fig. 2(a) ; (2) meandering spiral (M), where the system is in an excitable medium and the movement of spiral tip follows a hypocycloid or epicycloid trajectory instead of a simple cycle. Due to the Doppler effect, both the local period and the local wavelength change as a function of time. The modulation forms a superspiral, as shown in Fig. 2(b) ; (3) spiral turbulence due to the Doppler instability (D), where the minimum of local period goes beyond the critical value, making traveling waves unstable. An example of such a state is shown in Fig. 2(c) ; (4) modulated spirals due to the long wavelength instability (C 1 ), see Fig. 2(d) . Here, the system is in an oscillatory medium instead of excitable medium; (5) co-existence of modulated spirals and spiral turbulence (C 2 ). Because of the convective nature of the long wavelength instability, perturbations generated in the spiral core area travel out as they grow, this makes a finite region around spiral core where traveling waves are asymptotically stable [13, 17] . Figure 2(e) gives an example of such state; (6) defect-mediated turbulence due to the long wavelength instability (T), as shown in Fig. 2(f) ; (7) a newly observed chemical turbulence (A), and (8) stable spiral due to the reentry of spiral (R). The details of the last two states will be described later in this section, examples of such states are presented in Fig. 2(g) and Fig.  2(h) .
Each of the boundaries that separate different regimes defines a transition. Some transitions have been carefully studied in former works. For example, S-M boundary defines the onset where the spiral tip undergoes a Hopf bifurcation, as a result, the trajectory of the tip changes from a simple circle to an epicycloid or a hypocycloid, leading the spiral into the meandering state [21] ; M-D line gives the onset of the Doppler instability [16] ; and S-C 1 , C 1 -C 2 , and C 2 -T lines represent respectively the onset of the long wavelength instability, the beginning of spiral wave break up, and transition to full spiral turbulence [13, 17, 22] . These transitions have been comprehensively understood. Besides these transitions, there are several notable new phenomena shown in the phase diagram: the D-T boundary, the C 1 -A boundary, and an isolated R region. In the following, we will describe these transitions in detail.
Notice that the D and T regions are defect-mediated turbulence due to different instability mechanisms, one is due to the Doppler instability [16, 22] while the other experiences the long wavelength instability [13, 17, 22] . Another phenomenon that we find is a new regime of spiral turbulence (A) located in a region between C 1 and C 2 , as shown in Fig. 1 . Besides, an isolated island of stable spiral inside the domain of C 2 appears. These phenomena are very robust: we repeated the experiments several times and found the same behaviors. We also used another piece of glass disk, which has a little difference in diffusion coefficient, the similar phenomena were observed too. (Fig. 4(a) ), a transition to simple spirals at [H 2 SO 4 ] B = 0.633M (Fig. 4(b) ),another transition to a (Fig. 4(c) ). Then new scenario took place: As the control parameter was further increased, the spiral broke up rapidly, the entire system plunged into a regime of spiral turbulence without experiencing the C 2 state, as shown in Fig. 4(d) . Without fully understanding of this behavior, we name this regime A to distinguish it from other states of turbulence, such as D and T. When [H 2 SO 4 ] B was increased again, a local region of stable spiral grew up, the system entered into C 2 regime, see Fig. 4 (e). The spiral gradually took up the whole domain of the reaction medium, driving the defects sea out of the boundary (Fig. 4(f) ), we thus experienced a reentry of spiral (R regime). When the [H 2 SO 4 ] B reached a high enough value, defects appeared far away from the spiral center, and the core of stable waves was invaded by the sea of defects little by little again. Finally, the system got across the C 2 -T boundary and spiral turbulence dominated the whole domain. The newly observed phenomena appear in a relatively narrow range of control parameters. As shown in the phase diagram of Fig. 1 Our experimental observations also indicate some typical critical phenomena near the onset, such as large fluctuations and critical slowing down. In the experiment, once we change the control parameter, the system needs a certain period of time to relax into its newly established asymptotic state. Generally one hour is enough. But if the system approaches the critical points, one needs to wait two or more hours in order for the system to relax to its final state, otherwise one will observe pseudo-hysteresis when changing back and forth the control parameter. Large fluctuations are also observed near the onset. This phenomenon is especially pronounced near the A-C 2 boundary in the A region. In this regime, large spiral patterns may spontaneously self-organize in the sea of turbulence, they will disappear very slowly as we hold on the same experimental conditions for a long time (a few hours). We also notice a new feature of spiral patterns in the R region. As shown in Fig. 4(f) , the amplitude of spiral waves is not homogeneous in R region; we observe a large bright filament pattern, which self-organizes into a large spiral, stretching out from the original spiral center and rotating around it. Moreover, The brightness of this pattern oscillates as a function of time: it is very bright at one time, then slowly gets dark along with its rotation, then becomes bright again in a cycle.
Quantitative analysis of spiral turbulence
As discussed in the previous section and shown in Fig. 3 , we notice that the turbulence state from the Doppler instability (D) and that from the long wavelength instability (T) are different in time scale and length scale, and the patterns change abruptly when the control parameter varies across the D-T boundary, indicating that there is a new transition. In this section, we report that the hierarchical structure theory (HST) [25] should be a proper candidate to distinguish the two states of spiral turbulence and to describe spatiotemporal chaos.
In our case, the data that we can quantitatively analysis are images gained from experiments. The magnitude of fluctuations depends on the diversity of the image intensity in the data series. In hydrodynamics, the basic field in turbulence is the velocity from which the local energy dissipation can be defined. A natural candidate for a variable analog to the local energy dissipation is a quantity which takes its largest contributions from the places where large changes in contrast occur [29] . This is precisely a measure of the existence of edges below the scale under consideration. We choose the variable G (f (x, y) ) defined as below to study:
where f (x, y) is the field of image intensity. Then we investigate the behavior of contrast changes at a scale by means of a bi-dimensional integral:
We study the static properties of ε( ) of images taken in 256 × 256 pixels, and characterize the field ε( ) by structure function S p ( ) = |ε( )| p . The Hierarchical Structure model introduces a hierarchy of functions ε p ( ) = S p+1 ( )/S p ( ), each describing more closely the intensity of fluctuations. ε p ( ) is associated with higher intensity fluctuations with increasing p. She and Leveque [25] used the hypotheses that an invariant relation exists between ε p and ε p+1 , which is referred to as a hierarchical symmetry relation (a symmetry with respect to a translation in p):
where A p is independent on and ε ∞ ( ) = lim p→∞ ε p ( ), which characterize the most intermitted structures. The term ε ∞ ( ) 1−β can be eliminated and the hierarchical symmetry relation becomes:
From a log-log plot of ε p+1 ( )/ε 2 ( ) vs. ε p ( )/ε 1 ( ), we can examine the linearity. The value of β is the slope of the line. In The parameter β measures the degree of intermittency of a turbulent flow. In the limit β → 1, there is no intermittency. The Kolmogorov's picture of turbulence [30] belongs to this limit. In contrast, in the limit β → 0, only the most intermittent structures persist; this is the ordered limit. One example in this category is the black and white β model [31] , the value of β has a sudden decrease. We thus suggest that HST can be suitable candidate in describing different states of spiral turbulence obtained in a reaction-diffusion system. Another measurement of defect-mediated turbulence is the density of defects. In fig. 3 , we can easily realize that the defect density of spiral turbulence in the T region is higher than that in the D region. In HST, higher value of β means lower intermittency or lower singularity, so that the value of β of a system describes the degree of order; we say that a system with smaller β has more order. From the regime D to the regime T, the degree of singularity enhances so that the density of defects increases. The saturation of defects in the regime T is remarkably larger than that in the regime D. With a sufficiently large saturation of defects, interaction of defects makes the fluctuation weaker, so the system will become more order.
It should be stressed that HST has an invariance (symmetry) which defines a transformation group [32] ; this symmetry can be exactly simulated by a log-Poisson cascade process [33, 34] , so the model is also called the "log-Poisson" model. When we do multiscaling and hierarchical analysis, some transformations or symmetry can be useful to clarify the complexity of a system. We think that these quantitative properties are useful and revelatory to characterize defect-mediated turbulence, and farther research should be done.
Discussions
This work revealed three new phenomena: transition from the D type of spiral turbulence to the T type turbulence on D-T boundary; transition from spiral to spiral turbulence on S-A boundary; and the reentry of spiral from a state of defect-mediated turbulence on A-C 2 boundary (Fig. 1) . Transition between two types of turbulent states could be related to the change of the system between an excitable medium and an oscillatory medium. As discussed in the introduction section, although both types of spiral turbulence belong to defect-mediated turbulence, one is due to the Doppler instability which takes place in an excitable medium, the other is caused by the long wavelength instability which occurs in an oscillatory medium that near a supercritical Hopf bifurcation. We also know that as the increase of [H 2 SO 4 ] B , the chemical system changes from excitable to oscillatory. Since the correlation length scale for a pattern in an excitable medium is determined by diffusion of chemical species, while the correlation length scale for a pattern in an oscillatory medium is governed by phase diffusion, when the system changes from excitable to oscillatory, the correlation length of the turbulent pattern changes suddenly. This is verified both by experimental observations (see Fig. 3 ) and quantitative analysis (see Fig. 6 ).
The chaotic state in the region A (see Fig. 1 ) belongs to defect mediated turbulence. It is similar to the spiral turbulence in the region D. However, the route to the state of spiral turbulence is different from either the Doppler instability or the long wavelength instability. It is a mix of the both. In this scenario, the defects generate far from the spiral core, just like the long wavelength instability, but the transition from modulated spiral to turbulence is fast, similar to the Doppler instability. Besides, in this region the system tends to form ordered spirals from sea of defects. Away from the A-C 2 boundary, this tendency is suppressed by the defects; with the increase of [H 2 SO 4 ] B , a stable spiral co-exists with the defects sea; finally, the newly formed stable spiral drives all the defects out of the boundary and takes up the whole reaction medium. We thus witness the reentry of spirals. A same trend is also observed in C 2 region with [M A] A = 0.5M , the difference is that none stable spiral can win. At present, we do not have a satisfactory explanation of this experimental result. The most possible explanation is a co-dimension effect. One notices in phase diagram of Fig. 1 that the region A is near the point where all the transition lines join together. In this co-dimensional area the mechanisms of spiral instability may mix together, new route to spiral turbulence may appear, and new patterns may form. Due to the limit precision of control in the experiments, at present we cannot study the dynamical behavior in this area in detail.
Another phenomenon worth to discuss is the bright patterns in Fig. 2(h) , which have a markedly long wavelength and an oscillation in brightness. In fact such bright waves exist in a wider parameter space. We think the 3-D effect is the most possible reason for such a super wave, but we have no reasonable explanation for the oscillation now. As mentioned in section II, despite the reaction medium can be considered as quasi-two-dimensional at most of time, the three-dimensional effect exists and might play an important role in spiral dynamics. The bright patterns in Fig. 2(h) could be a result of two spirals superimposed in the gradient direction.
In summary, we did a systematic experimental study of spiral behaviors in a reactiondiffusion system using the BZ reaction and observed certain new phenomena. Transition from the D type spiral turbulence to the T type turbulence on D-T boundary can be readily explained by the change of the BZ reaction from excitable to oscillatory. A well established method, the hierarchical structure theory can be applied to identify this transition. Transition from spiral to spiral turbulence on S-A boundary and the reentry of spiral on A-C 2 boundary may be caused by co-dimension effect, although more evidence is needed. In order to get a full picture of such dynamics and an appropriate explanation of such phenomena, more careful experimental research, numerical simulation and theoretic analysis should be done in the future.
